ABSTRACT The nonrecombining Drosophila melanogaster Y chromosome is heterochromatic and has few genes. Despite these limitations, there remains ample opportunity for natural selection to act on the genes that are vital for male fertility and on Y factors that modulate gene expression elsewhere in the genome. Y chromosomes of many organisms have low levels of nucleotide variability, but a formal survey of D. melanogaster Y chromosome variation had yet to be performed. Here we surveyed Y-linked variation in six populations of D. melanogaster spread across the globe. We find surprisingly low levels of variability in African relative to Cosmopolitan (i.e., non-African) populations. While the low levels of Cosmopolitan Y chromosome polymorphism can be explained by the demographic histories of these populations, the staggeringly low polymorphism of African Y chromosomes cannot be explained by demographic history. An explanation that is entirely consistent with the data is that the Y chromosomes of Zimbabwe and Uganda populations have experienced recent selective sweeps. Interestingly, the Zimbabwe and Uganda Y chromosomes differ: in Zimbabwe, a European Y chromosome appears to have swept through the population.
T HE Drosophila melanogaster Y chromosome is highly functionally specialized in male-related activities (Hardy et al. 1981; Kennison 1981; Goldstein et al. 1982) . Although it comprises 13% of the male genome (40 Mb; Hoskins et al. 2002) , the D. melanogaster Y chromosome has only 13 known protein-coding genes (Goldstein et al. 1982; Carvalho et al. 2000 Carvalho et al. , 2001 Vibranovski et al. 2008; Krsticevic et al. 2010) , all thought to be active only in primary spermatocytes in the testis (Hardy et al. 1981) . The remainder of the Y chromosome is heterochromatic and dense in repetitive elements (Hoskins et al. 2002) .
Although the D. melanogaster Y chromosome is highly repetitive and gene poor, several lines of evidence suggest that it harbors functionally important variation (Chippindale and Rice 2001; Rohmer et al. 2004; Lemos et al. 2008; Lemos et al. 2010) . The Y chromosome has contributed to variation in thermotolerance across D. melanogaster populations (Rohmer et al. 2004) , has epistatic effects on male fitness (Chippindale and Rice 2001) , and has epigenetic effects on the expression of genes across the genome (Lemos et al. 2008 Jiang et al. 2010) , including specifically in the male germline (Zhang 2000) . The functional variation on the Y chromosome has been somewhat of a paradox because, while there is evidence for structural polymorphism (Lyckegaard and Clark 1989) , the haploid transmission of the Y chromosome makes it far more difficult to maintain substantial levels of genetic variation (Clark 1987) . In one small survey of Y chromosomal variation in a protein-coding gene, kl-5 (DhcYh3), only a single segregating site was discovered in 11 lines of D. melanogaster and no variants were found in 10 lines of Drosophila simulans (Zurovcova and Eanes 1999) . A more recent study in a closely related species, D. simulans, showed low levels of polymorphism in fragments sequenced from the Y-linked genes kl-2 and ORY (Kopp et al. 2006) . While no large survey of D. melanogaster Y chromosome variation has yet been reported, these small surveys suggest that the Drosophila Y chromosome is nearly devoid of nucleotide variation.
The Y chromosome has an effectively clonal inheritance: it is passed from father to son each generation without recombining. As a result, the Y chromosome is particularly sensitive to the demographic history of populations. Population size fluctuations are a potential cause of reduced Y chromosome variation. D. melanogaster originated in subSaharan Africa and colonized Europe beginning roughly 16,000 years ago (Thornton and Andolfatto 2006) and reached the Americas only in the past few hundred years (David and Capy 1988) . Thus, the demographic history of Cosmopolitan (non-African) populations includes population bottlenecks corresponding to colonization events. Population size changes can have opposite effects on different regions of the genome, depending on the model parameters (Pool and Nielsen 2007) . For example, because of its smaller effective population size, the X chromosome is expected to recover from population size changes faster than the autosomes. Outside of Africa, the ratio of X-to-autosome diversity is lower than the expected 3/4 (Andolfatto 2001) . A recent, severe bottleneck could potentially explain the dearth of variation on the X chromosome (Pool and Nielsen 2007) . These effects should be more pronounced for haploid regions of the genome such as the Y chromosome and mitochondria (Pool and Nielsen 2007 )-a theoretical prediction that has yet to be tested with empirical data.
We surveyed Y-linked polymorphism in D. melanogaster across the globe to investigate patterns of variation and to explore the effects of population bottlenecks on patterns of Y chromosome variation and differentiation between populations. We surveyed introns of four Y-linked genes in six populations and show that there indeed are low levels of polymorphism on the Y chromosome. Surprisingly, we observed a striking reduction of variation on the Y chromosome in African relative to Cosmopolitan populations-a pattern that contrasts with polymorphism data for the X chromosome and autosomes. We conclude that while recent natural selection has clearly shaped Y chromosome evolution in African populations, the demographic history of the Cosmopolitan populations is capable of explaining the patterns of diversity on the Y chromosome. Although we cannot formally reject neutrality of the Cosmopolitan Y chromosomes under bottleneck models, other attributes of the data suggest that our ability to detect positive selection on these chromosomes may be limited.
Materials and Methods

Fly strains
We surveyed D. melanogaster isofemale lines from six populations: Zimbabwe (24 lines), Uganda (20 lines), Beijing (17 lines), Tasmania (19 lines), Netherlands (19 lines), and Pennsylvania (24 lines). The lines from the Netherlands were a gift courtesy of Zoltan Bochdanovits (Bochdanovits and de Jong 2003) . The lines from Tasmania are a gift from Ary Hoffman. Lines from Beijing were provided by Chip Aquadro (Begun and Aquadro 1995) . The lines from Zimbabwe (ZW) are from Victoria Falls, provided by Bill Ballard. The Uganda lines are a gift from John Pool.
Resequencing of PCR products
Genomic DNA was isolated from single male flies using Puregene DNA extraction kit (Puregene). We amplified fragments from the introns of four Y-linked genes: kl-5, kl-3, kl-2, and ORY totaling 7.8 kb in each of 123 fly lines. The fragments correspond to introns in each of the four genes: kl-5 (kl-5_int8 forward primer 59 ACTCTCGACCCA CACCTTTG and reverse primer 59 GCTGCCAACTGATCCAA AAT; and kl-5_int10 forward primer 59 TGTCAAATTTAA GAAAAAGAGAGAGG and reverse primer 59 AGATTTGT CCTGCAGCTCATC), kl-3 (kl-3_int2 forward primer 59 CGTTTTGGCCATCCTAAAAA and reverse primer 59 CTCC TTTGAATGTGGGCAAT; and kl-3_int6 forward primer 59 GCCGAAATGGTCGATATGAT and reverse primer 59 TGGATG CCAGTTTCCTTTTT), kl-2 (kl-2_int1 forward primer 59 GC AGCAAATAAAAGCGAAGC and reverse primer 59 TGTAA ACCCAATACGCACGA; and kl-2_int2 forward primer 59 TTTTTAAAACTACCAACCTCTGCT and reverse primer 59 AATAAAAGCTCGCGAAACGA), and ORY (ORY_intu1 forward primer 59 TTATAGCATTCCCTCTATTTTGCTG and reverse primer 59 CAGTAAATCCAAAAATTGTCATTCC; and ORY_intu2 forward primer 59 ATTCGGAGTTTACTTTGATA-CATGG and reverse primer 59 ATCAAGCTGTTATCAAAA GTTCAGC). Primer pairs kl-5_int10 and kl-2_int2 were anchored in 20 and 29 bp of an exon, respectively. The coding sequences (totaling 49 bp) were trimmed for the analysis.
Primers were tested in both males and virgin females to confirm Y linkage of sequences. Conditions for PCR varied with template and primers and are available on request. Unincorporated nucleotides were removed using Exonuclease I/Shrimp alkaline phosphatase. PCR resequencing was performed using the ABI Prism Big Dye cycle sequencing kit according to the manufacturer's protocol and sequencing reactions were purified using a Sephadex column. Both the forward and reverse strand of each PCR product was sequenced using an ABI 3730 automated sequencer.
Raw sequence chromatograms were edited by eye using Sequencher v. 4.10.1 (Gene Codes, Ann Arbor, MI) and assembled into contigs where each putative polymorphic site was scrutinized. Fragments were resequenced when traces did not provide at least twice the coverage over each SNP. Sequences were exported, concatenated (for each analysis), and formatted using custom PERL scripts. Alignments were performed using Sequencher v. 4.10.1. Some sequences in some lines repeatedly resulted in either weak PCR bands or ambiguous chromatograms-those sequences were dropped from the analysis.
Because data quality issues encountered in amplifying repetitive regions of the genome are expected to falsely increase diversity and we find little diversity in our data set, we do not expect that our data suffer from many errors at the PCR or sequencing level. Nonetheless, because of the repetitive nature of the Y chromosomes, every measure was taken to ensure that orthologous regions of the Y chromosome were amplified in each line: only a single band was amplified in males prior to sequencing, and there was no evidence of "heterozygous" sites in our traces, indicating that our primers annealled uniquely in the D. melanogaster genome. Any traces with ambiguous chromatograms were removed from the data set.
Polymorphism analysis
We estimated u w (population mutation rate per silent nucleotide site), u p (measure of nucleotide diversity per silent site), and Tajima's D (a summary of the frequency spectrum) using the program compute in the analysis package v. 0.8.0 associated with the libsequence version 1.7.0 library (Thornton 2003) . Because of the considerable population structure in D. melanogaster, summary statistics for each population were calculated separately (Supporting Information, Figure  S1 ; Table 1 ).
Recombination
We estimated the minimum number of recombination events using the RecMin software (http://www.stats.ox.ac. uk/~myers/RecMin/) as R m (Hudson and Kaplan 1985) and R h (Myers and Griffiths 2003) .
X-linked polymorphism
All X-linked data were obtained from the literature. Briefly, Pool and Aquadro (2006) surveyed 10 lines of flies from a China and Uganda population at 4 noncoding X-linked loci at least 10 kb from coding loci in regions of high recombination (Table S1 ). Haddrill et al. (2005) surveyed the introns of 10 X-linked genes across regions of the X chromosome with high recombination in Zimbabwe, Netherlands, and Pennsylvania populations (Table S1) . Kolaczkowski et al. (2011) surveyed variation across the genome of 19 individuals of a Tasmanian population of D. melanogaster using Illumina technology. For the Tasmania population, we used the estimate of pairwise diversity from Kolaczkowski et al. (2011) (Table S1 ). Our Y-linked data come from these same populations and, in most cases, the same lines.
Coalescent methods for tests of neutrality
All coalescent simulations were performed with custom C++ programs using the libsequence v. 1.7.0 library (Thornton 2003) . To determine the significance of the reduction of p Y , or Dp (the reduction in variation on the Y, estimated as [p X 2 p Y ]/p X ), we simulated 1 · 10 5 X-linked and Y-linked genealogies under the infinite sites model making the assumption that u Y = u X /3 (i.e., we assume that there is one Y chromosome for every three X chromosomes in a population). We used the average u X estimated from Haddrill et al. (2005) for the following populations: Zimbabwe (0.01327); Netherlands (0.00414); and Pennsylvania (0.00557). For Uganda and Beijing, we used estimates of u X from Pool and Aquadro (2006) , 0.012 and 0.0036, respectively (Table S1 ). Because comparable X-linked data (PCR resequence data from noncoding X-linked loci) are not currently available for Tasmania, we assumed a uniform range of u X values that encompass the Cosmopolitan samples that we have considered [u X U(0.0020-0.0045)]. We generated P-values using the empirical cumulative distribution function (ecdf) in R. The false discovery rate (FDR) was estimated using the p.adjust package in R (Benjamini and Hochberg 1995) .
Demographic models
Population bottlenecks: We used models of simple population bottlenecks to determine whether the Y chromosome polymorphism and frequency spectra from the Netherlands and Beijing populations could be explained by past demographic changes. The model describes a population that drops in size at time t b (t b = t r + d, where t r is the time to recovery from the bottleneck and d is the duration of the bottleneck) in the past according to severity parameter f (f = N b /N 0 , where N 0 is the N e after the bottleneck moving forward in time, or the current population size) and recovers from the bottleneck at time t r to N 0 /N A , where N A is the ancestral population size before the bottleneck (Figure 3 and Figure S2 ). We also considered models where the bottlenecked population came from an ancestral population that was expanding in either a stepwise, or exponential manner ( Figure S2 ). The parameter t grow describes when the ancestral population began expanding in the past and was estimated in Li and Stephan (2006) using Zimbabwe data. Neutral mutations were placed on the tree according to a Poisson distribution with mean ut/2, where u is the neutral mutation rate. For models incorporating expansion in the ancestral population, we used an average X-linked u estimated by Li and Stephan (2006) of 0.0499. For models that just consider bottlenecks from a stable ancestral African population, we drew u for each X-linked locus from a uniform distribution bounded by the 95% confidence intervals of u w obtained in Haddrill et al. [2005; u U(0.01, 0.015) ] estimated from the X-linked Zimbabwe population. In all models, we make the assumption that u Y = u X /3, r X /u = 10 (Haddrill et al. 2005; Thornton and Andolfatto 2006) and that r Y = 0. We performed simulations under six population bottleneck models consistent with parameter values estimated in the literature for Beijing and Netherlands populations (Table S3 ). The six models can be grouped into two types for each population: the B1 models that consider an older, shorter, and more severe bottlenecked European population (t r =0.048, d=0.001, f =0.002, N 0 /N A = 0.125; Table S3; e.g., Li and Stephan 2006) and B2 models that consider a longer bottleneck (t r =0.004, d =0.018, f = 0.029, N 0 /N A = 1.0; Table S3 ; e.g., Thornton and Andolfatto 2006) . Each of the two model types then had different scenarios: the founding population came from an ancestral African population that was expanding exponentially, according to a stepwise function, or was of stable size. The beginning of the African expansion was assumed to be about 60,000 years ago (Li and Stephan 2006) , and growth rates and times were scaled to match N 0 for each population (Table S3). All Beijing population models include a second, recent bottleneck from an ancestral European population using parameters comparable to those estimated by Laurent et al. (2011; B1: t Thornton and Andolfatto 2006 ; Beijing B1, 4.14 · 10 5 , Li and Stephan 2006; B2, 2.4 · 10 6 ). Each demographic scenario was simulated 10,000 times and two-sided P-values for the X-and Y-linked empirical summary statistics were generated using the ecdf function in R. P-values were adjusted for false-positive rates using a Benjamini-Hochberg FDR rate and the Q and P values are reported in Table 3 and  Table S4 , respectively.
A demographic model for the Pennsylvania population was assigned under the assumption that North American populations were founded from an ancestral European population a few hundred years ago (B1, t r2 =0.0006, Table S3 ). N 0 has not been specifically estimated for the Pennsylvania population; therefore, we assumed a simple bottleneck (where the population recovers to the pre-bottleneck size at t r2 ) for both types of models (Pennsylvania B1, 1.075 · 10 6 ; B2, 2.4 · 10 6 ). It is important to note that these parameter values have not been inferred using X-linked or autosomal data; however, the results do not change significantly when the timing of this bottleneck is moved (data not shown). Because North American populations have higher nucleotide diversity than European populations (Haddrill et al. 2005; Caracristi and Schlötterer 2003) , North American populations may have a more complicated demographic history than a simple bottleneck from a European ancestor. Caracristi and hypothesized that East coast North American populations are admixed with African alleles. To account for this possibility, we also simulated the Pennsylvania population under bottleneck models with varying degrees of African admixture (0, 5, 10, 15, and 20%) . Two scenarios are possible: the European ancestor of North American populations was admixed with an African population or the African alleles entered the Pennsylvania population after the bottleneck, perhaps because of admixture with Caribbean populations (Caracristi and Schlötterer 2003) . Because West coast populations appear more similar to European populations than East coast populations and because the North America-African genetic distance is smaller than European-African genetic distance (Caracristi and Schlötterer 2003) , it seems more likely that admixture occurred after the North American bottleneck. Nonetheless, we simulated under both admixture scenarios: AfricanEuropean admixture (AF-EU) and African-Pennsylvanian admixture (AF-PA), where admixture occurred at two fixed times corresponding to 300 years ago in the AF-EU model and 125 years ago for the AF-PA model (see Figure S3 and Table S6 ). These simulations were performed in ms (Hudson 2002) 10,000 times each for 10 X-linked and a single Y-linked locus, with the following assumptions:u Y = u X /3, r Y = 0 and r X /u = 10. Our conclusions for the Pennsylvania population do not change with the inclusion of admixture in the Pennsylvania bottleneck models (Table 4 and Table S6 ). The similarity between Tasmanian and Pennsylvania Y chromosomes indicates that they may originate from a similar European population; therefore, we also simulated Tasmanian populations with admixture in the event that the European ancestor had been admixed with an African population (Table S6) .
Although the demographic history may differ between Uganda and Zimbabwe populations, we used the Zimbabwe demographic model as an approximation for the Uganda population. Likewise, we used demographic models for Pennsylvania, Netherlands, and Beijing populations as approximations for the Tasmania population and chose the most appropriate demographic model (i.e., Pennsylvania; see Table 4 , Figure 3 , and Figure S2 ) for future simulations. Again, each demographic scenario was simulated 10,000 times and two-sided P-values for the X-and Y-linked empirical summary statistics were generated using the ecdf function in R. P-values were adjusted for false-positive rates using a Benjamini-Hochberg FDR rate and the Q-values are reported in Tables 3 and 4. We repeated the neutral coalescent rejection sampling procedure described above except this time incorporating the demographic history described by the "best-fitting" model (the one that could describe the most aspects of the data) shown in boldface type in Tables 3 and 4, Table S3,  and Table S4 . The FDR was estimated using the p.adjust package in R (Benjamini and Hochberg 1995) . Q-values ,0.05 (corresponding to an FDR of 5%) are considered significant.
Population expansion:
We used a simple model of population expansion to consider the possibility that a history of population growth in Africa could explain the reduction in diversity and skewed frequency spectrum on the Y chromosome in the African lines. The assumptions of the models were the same as those described for the population bottleneck models described above (i.e., r X /u = 10, r Y = 0, u Y = u X /3). We ran one model with exponential growth and one with a simple stepwise growth ( Figure 3 and Figure S2 ). The model with exponential growth describes a population that began expanding at time t grow in the past at rate l until the present time t rgrow . We chose parameter values consistent with those estimated in Li and Stephan (2006) for the Zimbabwe population: l U(15,25), t rgrow = 0 (assuming N e0 = 2.4 · 10 6 ). The model with stepwise population growth describes a population that expanded to size N 0 /N A at time t grow in the past. Again, we chose parameter values consistent with those estimated in Li and Stephan (2006) for the Zimbabwe population: N 0 /N A U(2.0,11.5), t grow = 0.0833, t rgrow = 0. All time is in scaled units of 4N e0 generations and was adjusted for the Y chromosome in the simulations (t grow = 0.2499). Each demographic scenario was simulated 10,000 times and two-sided P-values for the X-and Y-linked empirical summary statistics were generated using the ecdf function in R. We used these same models to obtain P-values for the Uganda population, which also shows evidence for population expansion although the true parameter values may differ between Zimbabwe and Uganda. The FDR was estimated using the p. adjust package in R (Benjamini and Hochberg 1995) .
Estimating the reduction in N e on the Y chromosome: To identify the minimum reduction in N eY required to produce the Dp observed, we used an approximate Bayesian computation (ABC) approach with rejection sampling conditional on Dp and p Y (Przeworski 2003; Thornton and Andolfatto 2006) . We estimate the reduction in effective population size on the Y chromosome compared to the X chromosome (N eY /N eX ) as the posterior probability of the scaling factor of u, k. We assumed that population recombination rates follow r X /u = 10 and r Y = 0. The observed data in this case are the Y chromosome polymorphism data collected in this study, the X-linked polymorphism data compiled from the literature for the Zimbabwe (10 loci), Netherlands (10 loci), Pennsylvania (10 loci), Uganda (4 loci), and Beijing populations (4 loci). We assumed that the Tasmanian and Pennsylvanian populations have similar demographic histories because the Americas and Australia were founded around the same time (David and Capy 1988) .
The rejection sampling algorithm is as follows:
1. Draw u X ,r, and k from prior distributions, where u is the X-linked population mutation rate, r is the X-linked population recombination rate, and k is the scaling factor for u Y (k represents N eY /N eX ). 2. Estimate u Y as ku X . 3. Simulate genealogies for nsam X independent X-linked loci and one Y-linked locus under the neutral coalescent model based on the empirical sample size for each locus, where nsam X is the number of loci in the empirical data set. samples from the joint posterior probability distribution are collected.
The prior distributions used were u X U(0.01, 0.15) and k U(1 · 10 27 , 1). The tolerance parameters, e u and e p , were set to 80 and 2% of the observed u, and Dp or p, respectively. The same simulations were performed under a standard neutral model. For the Pennsylvania population admixture models, we used the same rejection sampling scheme, except it was performed using custom Perl scripts and ms (Hudson 2002) .
Positive selection
We estimated the time to the most recent hard selective sweep in a coalescent framework using ABC with rejection sampling conditional on multiple summaries of each Ylinked data set. Because there is no crossing over on the D. melanogaster Y chromosome, selective sweeps were modeled as absolute bottlenecks, where at time t sweep , all remaining lineages coalesced. We modeled Zimbabwe and Uganda populations separately. We incorporated population demographic histories into the selective sweep simulations so that the X-linked and Y-linked loci coalesce in the simulations according to the appropriate demographic model until the sweep, at which time all remaining Y-linked lineages coalesced.
1. Draw u X and t sweep from prior distributions, where u X is the X-linked population mutation rate, r is the X-linked population recombination rate, and k is the scaling factor for u Y (u Y is the population mutation rate for the Y chromosome and k represents N eY /N eX ). 2. Estimate u Y as ku X . samples from the joint posterior probability distribution are collected.
The prior distributions used were: u X U(0.0005, 0.03), and t sweep U(0, 10 26 ). The tolerance parameter, e, was set to 35% of the observed Dp, D Taj , p Y and S 1 (number of singletons).
Results
Patterns of polymorphism
When compared to the X chromosome, the Y chromosome harbors less variation than expected under the standard neutral model (Table 1 ). Contrary to patterns of variation on the X chromosome and autosomes, African populations have significantly less Y-linked variation than Cosmopolitan populations (Table 1 and Figure 1 ; P = 0.002 considering indels and P = 0.008 without considering indels, Mann-Whitney U test). Specifically, there is a 400-fold reduction in pairwise nucleotide diversity on the Y chromosome compared to the X chromosome in Africa (414-fold for Zimbabwe and 383-fold for Uganda), whereas there is a 6-fold (Tasmania) to 66-fold (Pennsylvania) reduction in pairwise nucleotide diversity outside of Africa. The estimated reduction in variation on the Y chromosome compared to the neutral expectation (p/p 0 ) is 0.7% in African populations and varies between 4.6 and 19.5% outside of Africa (Table 1  and Table S2 ). We scrutinized each segregating site in our data set: most were sequenced twice on the forward strand and twice on the reverse strand and had independent confirmation with a second DNA isolation and resequencing. Interestingly, there is a significant bias in the frequency of indel polymorphism (usually a single base pair) in African compared to Cosmopolitan populations. Among African Y chromosome variants, 80% (4/5) of the segregating sites are indels, whereas among Cosmopolitan Y chromosome variants only 8.3% (2/24) of the segregating sites are indels ( Figure 2B ; P = 0.003, Fisher 's Exact Test). We consider the full data set including indels for the remainder of the article.
Population structure
Our analysis of population structure using the pairwise average number of nucleotide substitutions per site (D xy ), F st , K st * (measure of population differentiation analogous to F st ) and S nn (a nearest neighbor statistic), yielded surprising results. The African populations do not cluster together: Zimbabwe instead clusters with the Netherlands population. Moreover, Pennsylvania and Tasmania Y chromosomes are nearly indistinguishable ( Figure 2 and Table 2 ). Consistent with several surveys of population differentiation showing considerable population structure in Asia (Hale and Singh 1991; Baudry et al. 2004; Pool and Aquadro 2006; Schlötterer et al. 2006) , the Beijing Y chromosome is highly differentiated from the rest of the populations. There is no evidence of substructuring within the Beijing population on the Y chromosome ( Figure 2B ). Outside of the clustering of Zimbabwe and Netherlands Y chromosomes, these results are consistent with the population structure of autosomal, X chromosomal, and mitochondrial loci from these or similar populations (Hale and Singh 1991; Baudry et al. 2004; Haddrill et al. 2005; Pool and Aquadro 2006; Schlötterer et al. 2006) . Genomic sequences from non-Y-linked loci exclude the possibility that the similarity of Netherlands and Zimbabwe Y chromosomes are explained by contamination in our fly lines (A.G. Clark, unpublished results).
Evidence for intrachromosomal recombination
We used the program RecMin to identify any possible recombination events in our data set (Myers and Griffiths 2003) . Three different methods (R m , R h , and R s ) yield the inference that at least one recombination event has occurred in the sampled regions. This event was confirmed and other possible recombination events were identified by eye (Figure 2B) . Although the intronic regions of the Y chromosome that we have amplified are repetitive, the PCR and sequence trace reads indicate that we have amplified single, orthologous regions of the Y chromosome in each fly line. Recombination via crossing-over does not occur in most Drosophila species males; however, gene conversion events have been detected on the D. simulans Y chromosome between duplicate genes (Kopp et al. 2006) . While the gene regions surveyed are not known to be duplicated in D. melanogaster, the introns are repetitive, and it is possible that there are several similar sequences throughout the Y chromosome offering opportunities for intrachromosomal recombination. These recombination events are likely to reflect mitotic recombination in the male germline.
Population demographic history
We find a reduction in variation on the Y chromosome compared to the X chromosome and this is statistically significant under a standard neutral model, assuming equal effective numbers of breeding males and females (Table 1) . However, Cosmopolitan populations of D. melanogaster clearly violate the assumption of a constant population size: D. melanogaster originated in Africa and populated Europe approximately 16,000 years ago and American and Australian populations were founded from a European ancestor only in the past few hundred years (David and Capy 1988; Caracristi and Schlötterer 2003) . Moreover, African populations may have a history of population expansion that began before the out-of-Africa migration events (60,000 years ago; Li and Stephan 2006) . We considered the effect of population demographic history on Y chromosome evolution by simulating data under several different models that have been inferred using empirical data from the Zimbabwe, Netherlands, and Beijing populations (Li and Stephan 2006; Thornton and Andolfatto 2006; Laurent et al. 2011 ; Figure 3 ). We found that ancestral growth in the Zimbabwe population can account for values of Tajima's D similar to what we observe on the Y chromosome; however, the reduction in variation on the Y chromosome compared to the X is actually smaller under growth models than under the standard neutral model (Table 3 and Table  S4 ). A history of population expansion alone therefore cannot explain patterns of variation on the Y chromosome in Zimbabwe. We see similar results when we assume that the Uganda population experienced the same degree of population expansion (Table 4 and Table S5 ).
All Cosmopolitan populations of D. melanogaster have a history of population bottlenecks. We considered several population bottleneck models inferred from empirical data in the literature and asked whether the summary statistics we observe on the Y chromosome could be explained by demographic history alone for the Netherlands and Beijing populations. Population bottleneck models with different bottleneck parameters, with or without population expansion in the ancestral African population, predict different patterns of Y chromosome variation (summarized in Table  3 and Table S4 ). For example, assuming a severe bottleneck that was fairly short in duration (i.e., B1 models; Table 3  and Table S4 ), while the observed Tajima's D on the Y chromosome is expected under some of these models, rarely generates a reduction in variation (measured as Dp) as large as what is observed in the Netherlands population. In contrast, considering a strong bottleneck with an order of magnitude longer duration (i.e., B2 models; Table 3 and Table  S4 ), so that the population has only recently recovered, makes it likely that one would observe Tajima's D as low and Dp of the magnitude seen in the Netherlands and Beijing populations. These results highlight the utility of considering multiple genomic locations in inferring demographic history. Our Y-linked data from the Netherlands and Beijing can thus be explained purely with demographic models without the need to invoke selection. Although a detailed demographic model has not been fitted to X-linked or autosomal data from the Pennsylvania population, we considered an arbitrary model where a recent bottleneck from a European population occurred in the past few hundred years (t b = 0.002). This model can explain all major aspects of the Y chromosome data set (Table 4 and Table S5 ); however, D TajY in this model just barely misses the 5% FDR cutoff (P-value = 0.0086; Q-value = 0.08). Although it is important to note that the timing of the North American bottleneck was not inferred from empirical data, because this bottleneck is so recent in history, the precise timing has little impact on our results (data not shown). All major aspects of the Tasmania population can be explained by demographic history when assuming that Tasmania experienced the same population bottlenecks as each of the Netherlands, Beijing, and Pennsylvania populations (Table 4 and Table S5 ). Figure S3A and Table S6 ) and (2) the Pennsylvania population admixed an African or Africanlike population after the North American bottleneck ( Figure  S3B ; Table S6 ; Caracristi and Schlötterer 2003) . We simulated the Pennsylvania population under each admixture scenario with 0, 5, 10, 15, and 20% admixture with African alleles at two fixed times corresponding to 300 years ago for the AF-EU models and 125 years ago for the AF-PA model. Because the Tasmania and Pennsylvania populations may have originated from a similar European ancestor, we also simulated under the same AF-EU admixture models for the Tasmania population. We get qualitatively similar results under all the admixture models when compared to models with no admixture: observed estimates of D Taj and Dp are expected under each of these models for both the Pennsylvania and Tasmania populations at a 5% FDR (Table  4 and Table S6 ). However, the empirical Dp and D Taj (X and Y linked) in the present data set appear more likely under models with a small degree of admixture between the Pennsylvania population and an African-like population (e.g., AF-PA p AF= 0. Table S6 , also see the PA-B2 model in Table 4 ). Natural selection on the Y chromosome may be implicated when the X-linked data fit well to a plausible demographic model, but the Y data clearly reject the same model. We looked for any incongruence between the X-and Y-linked data in our simulations. Although a model with 20% admixture between the European ancestor of North American populations and an African population produced summaries completely consistent with the X-linked data and less consistent with the Y-linked data, none of the summaries could be statistically rejected and survive a correction for the FDR (AF-EU p AF= 0.20; P-value D TajX =0.4988; Qvalue D TajX =0.7161; P-value D TajY =0.0114; Q-value D TajY =0.0960; P-value Dp =0.0792; Q-value Dp =0.2192; Table 4 and Table S6 ).
Reduction in N e on the Y chromosome
We estimated the reduction in N e on the Y chromosome as k (N eY /N eX ) using an ABC approach. We ran simulations both under the best demographic model (boldface in Tables 3  and 4 ) and a standard neutral model. Historical changes in population size affect the ratio of Y to X chromosomes. Under neutrality the expected k is 1/3, but without incorporating demographic history the estimated k is an order of magnitude (Cosmopolitan) or 2 orders of magnitude (African) less than this (Table S7 ). When we account for the demographic history of each population, the maximum a posteriori (MAP) estimate of k is not significantly different from 1/3 in any Cosmopolitan population but is significantly ,1/3 in both African populations (MAP k ZW = 0.0041, P = ,10 23 ; MAP k UG = 0.0037, P = ,10 23 ; Figure 4 and Table S7 ).
Positive selection in Africa
A history of population expansion in Africa can explain summaries of the frequency spectrum, but cannot explain the 400-fold reduction in variation on the Zimbabwe and Uganda Y chromosomes compared to the X chromosomes. Tables 3 and 4 and Table S1 . This drastic reduction in variation could, however, be explained by a history of recent selective sweeps. We simulated selective sweeps using coalescent simulations incorporating population expansion in Africa and assuming constant population size. To estimate the time since the most recent selective sweep in African populations, we used an ABC approach and conditioned on several aspects of the Y chromosome polymorphism data (Dp, p Y , u w , S 1 , and D Taj ). Under a population expansion model, we estimate the time to the most recent selective sweep to be similar in Zimbabwe ( (Rohmer et al. 2004) , and global (Lemos et al. 2008 or germline-specific (Zhang et al. 2000) gene expression may be driven in part by variation in heterochromatin content , specific trans-activators of gene expression (Zhang 2000) , or in rDNA copy number (Paredes et al. 2011) , rather than by variation at the single nucleotide level. The X and Y-linked data from each population were tested under the different types of demographic model (bottlenecks, B1 and B2; bottlenecks with ancestral growth, B1-AF and B2-AF; Exponential growth, Exp). a Results from simulated genealogies for 10 independent X-linked loci, and a single Y-linked locus (assuming u Y = 1/3u X ) under bottleneck or exponential growth models specified in the Methods and Table S2 . b Median D Taj (for X and Y-linked loci) and Dp. Reported are Q-values estimated from two-sided P-values (see Table S4 for P-values). Q , 0.05 corresponds to a FDR ,5%. The model chosen for use in subsequent simulations is in boldface type.
Uganda and Beijing Y chromosomes is discordant with this interpretation. Moreover, Pool and Aquadro (2006) hypothesized that the ancestral source population for the Out-of-Africa migration to Europe was similar to a Uganda population based on X-linked variation data.
The similarity of the Y chromosomes from Zimbabwe and
Netherlands may be evidence of admixture between these populations. Several studies have documented recent admixture between Cosmopolitan populations and populations from Congo (Capy et al. 2000) and Zimbabwe (Kauer et al. 2003) , Eritrea, Gabon, and South Africa (Pool and Aquadro 2006) and between Caribbean/South American populations and West African populations (Caracristi and Schlötterer 2003) .
The present data set has too few informative polymorphisms to distinguish between these possibilities. An ancestral European population colonized the Americas and Australia in the past few hundred years (Caracristi and Schlötterer 2003; David and Capy 1988) . The similarity between the Tasmanian and Pennsylvanian Y chromosomes suggests that these populations originated from the same, or a similar, ancestral population in Europe.
Recent selection on African Y chromosomes
Variation is reduced a staggering 400-fold on the Y chromosome compared to the X chromosome in our African population samples, whereas fold reduction varies between 6-and 66-fold outside of Africa. This is in stark contrast with variation across the autosomes, the X chromosome, and mitochondrial loci, which all harbor more variation in African than outside of Africa. While a demographic history of population expansion in Africa can explain some aspects Y chromosome frequency spectra in Zimbabwe and Uganda, it cannot explain the drastic reduction in variation on the Y chromosome. There are three possible explanations for the dearth of Y-linked variation on African Y chromosomes:
1. A higher variance in male reproductive success in Africa relative to outside of Africa reduces the effective population size of the Y chromosome and can lead to lower levels of variability (Nunney 1993; Charlesworth 2001) . Indeed, Hutter et al. (2007) found evidence for skewed sex ratios in African populations of D. melanogaster. While this is likely to make some contribution to this pattern, the maximum reduction in N e on the Y compared to the X resulting from sexual selection is about ninefold (Caballero 1995; Charlesworth 2001) , whereas the estimated reduction in N e on the Y compared to the X in Africa is 256-fold (k = 0.0039) and 370-fold (k = 0.0027) in Zimbabwe and Uganda, respectively ( Figure  1 ; Figure 4 ; Table S7 ). A higher variance in male reproductive success in Africa is therefore not likely to be sufficient to explain this pattern. 2. Selection against deleterious mutations could reduce levels of variation on the Y chromosome relative to the X chromosome, but rarely to the degree observed in African populations (Kaiser and Charlesworth 2009 ). The relatively small number of genes on the Y chromosome offers few targets of purifying selection: we estimate that there are 19 kb of nonsynonymous nucleotide sites on the D. melanogaster Y chromosome. For a target of this size in a nonrecombining region of the genome, we expect to see a reduction in variation an order of magnitude smaller (Kaiser and Charlesworth 2009) than we observe if background selection were the only force shaping patterns of polymorphism on the Y chromosome. Moreover, the strength of background selection is not expected to vary among these populations and, therefore, background selection is unlikely to explain differences in the degree of >re-duced diversity on the Y chromosome between populations. 3. African Y chromosomes may have experienced selective sweeps in the recent past. We estimate that the time to the most recent selective sweep in Zimbabwe and Uganda is similar-in the past 200-500 years (Figure The X-and Y-linked data from each population were tested under the different types of demographic model (bottlenecks, B1 and B2; bottlenecks with ancestral growth, B1-AF and B2-AF; admixture models AF-EU and AF-PA, exponential growth, Exp). The Tasmania and Uganda populations were tested with models based on other populations (PA, Pennsylvania; BEI, Beijing; NE, Netherlands; ZW, Zimbabwe). a Results from simulated genealogies for 10 independent X-linked loci and a single Y-linked locus (assuming u Y = 1/3u X ) under hypothetical bottleneck or exponential growth models specified in the Materials and Methods and Table S2 . Three possible demographic models corresponding to the population histories of Pennsylvania, Beijing, and Netherlands populations were simulated for Tasmania. b Median D Taj (for X-and Y-linked loci) and Dp. An empirical estimate of D Taj for the X chromosome in Tasmania has not been published. Reported are Q-values estimated from two-sided P-values. Q , 0.05 corresponds to a FDR ,5%. The model chosen for use in subsequent simulations is in boldface type. 5), assuming an N e of 2.4 · 10 6 (Thornton and Andolfatto 2006) . It is unlikely that a single Y chromosome has swept across Africa in the recent past because there are a number of fixed differences between Zimbabwe and Uganda Y chromosomes ( Figure 2B ). Instead, it seems more likely that the Y chromosomes in Africa experienced local adaptation and, thus, independent selective sweeps in the recent history of each population. X-linked polymorphism data show some structure among sub-Saharan African populations, suggesting that there may be reduced gene flow between Uganda and Zimbabwe populations (Pool and Aquadro 2006) . It is possible that a European Y chromosome swept through the Zimbabwe population as a result of recent admixture.
What could be driving local Y-linked adaptations? The presence of X-linked meiotic drivers inside Africa could cause the replacement of Y chromosomes and shape patterns of local adaptation. Although the frequency of X-linked male meiotic drive is unknown in D. melanogaster (see Hanks 1968; Hurst 1996; Reed et al. 2005 for possible evidence of such drive in this species), cryptic X-linked meiotic drive is common in other Drosophila species (Gershenson 1928; James and Jaenike 1990; Orr and Irving 2005; MontchampMoreau et al. 2006; Tao et al. 2007 ). Another possibility is that effects of Y chromosome polymorphism on gene expression (Lemos et al. 2008 may influence the adaptive evolution of the African Y chromosome. African and Cosmopolitan populations differ in patterns of gene expression (Meiklejohn et al. 2003; Hutter et al. 2008) . The D. melanogaster Y chromosome affects the expression of genes across the genome (Lemos et al. 2008 , and a subset of these genes are similar to genes that differ in expression between populations (Hutter et al. 2008) . For example, local Y-linked adaptation in Africa could be a result of the Y chromosome's effect on thermotolerance (Rohmer et al. 2004) or the Y chromosome may have an effect on wing flight muscle architecture, for which there is expression divergence between African and Cosmopolitan populations (Hutter et al. 2008 ).
Patterns of variation in Cosmopolitan Y chromosomes is consistent with a recent, long bottleneck
The frequency spectra and the reduction in variation on the Y vs. the X chromosome is more consistent with a history of recent, long population bottlenecks (B2) rather than shorter and more severe bottlenecks (B1). Pool and Nielsen (2007) showed that different demographic scenarios can produce sharply different patterns of variation on the X chromosome compared to the autosomes and that their inference can be extended to effectively haploid regions of the genome such as the Y chromosome and mitochondria. Our results largely agree with their simulations: strong/severe bottlenecks with a longer duration can widen the difference between the X and the autosomes, or the Y and the X chromosomes. Our results also agree with the contrasting scenario where population expansion can cause smaller differences in X and autosomal or Y and X chromosomal variability (Pool and Nielsen 2007) .
While natural selection is not necessarily required to explain the reduction of diversity and skew in the frequency spectra of the Cosmopolitan Y chromosome, the data do not exclude the possibility that the D. melanogaster Y chromosome may have an adaptive history. First, several differences exist between Pennsylvanian/Tasmanian Y chromosomes and the Netherlands Y chromosomes. Because there is little population structure in Europe, this suggests that the Netherlands Y chromosome may have experienced recent selection. This Y chromosome may have experienced positive selection in the European ancestor prior to sweeping through the Zimbabwe population. Moreover, the reduction in variation on the Pennsylvania Y chromosome compared to the X chromosome is less likely if there is a moderate amount of admixture between Pennsylvania and an African-like population (20% African alleles), although the observed reduction in variation (Dp) was not statistically significant after controlling for the false positive rate (Tables  4; S6) . Therefore, the combination of a lack of recombination and recent population bottlenecks may compromise our ability to detect positive selection on Cosmopolitan Y chromosomes. Additionally, if shorter bottlenecks (similar to the B1 models described here) are truly more representative of the demographic history of these populations, then the observed magnitude of reduced variation on the Y chromosome is not expected under neutrality and may be better explained by a history of selection. A more complete understanding of the demographic history of Cosmopolitan populations is necessary to tease apart adaptive and demographic forces shaping the Y chromosome. Tables 3 and 4 , and S1. A. The Netherlands population bottleneck describes an ancestral African population that experienced stepwise growth (to size N 0 /N A1 ) or exponential growth (in grey; at rate G) at time t grow . At time t b1 , the population reduced in size to f 1 *N 0 and recovered to size N 0 /N A1 at time t r1 . B. The Beijing population arose from an expanding ancestral population (as in A), and bottlenecked twice, the first describes the European bottleneck from an ancestral African population (same as Netherlands bottleneck). C. The Pennsylvania population experienced a similar ancestral population growth and bottlenecks except that the second bottleneck occurred more recently. D. The demographic model for the Zimbabwe population describes an ancestral African population that began expanding at time t grow at rate G until the present time (or stepwise to size N 0 /N A1 ; in gray). All time is in scaled units of 4N e generations. The best demographic models for Tasmania is the Pennsylvania double bottleneck (C ) and the Uganda population is the Zimbabwe expansion model (D). For each Cosmopolitan population, parameter values for the "B1" (more severe bottleneck of shorter duration) and "B2" (longer bottleneck with more recent recovery) bottleneck types are listed. Each of these models were run considering the case of stepwise or exponential growth in an ancestral African population beginning at time t grow (0.0833 for B1 and 0.186, 0.124 and 0.479 for NE, BEI and PA B2 models respectively) and a stable ancestral population that was not expanding (See Figure S2 ). All times are in terms of 4Ne 0 generations and were scaled appropriately for the Y--chromosomes for simulations (t Y =3t X ). Italicized numbers are arbitrarily assigned values consistent with population history but were not inferred from empirical data (in the literature). The time descriptors "d i " were not parameters of the model, and simply reflect t bi --t ri where i corresponds to 1 or 2 for the first and second bottlenecks, respectively. a Results from simulated genealogies for 10 independent X--linked loci, and a single Y--linked locus (assuming θ Y =1/3θ X ) under hypothetical bottleneck or exponential growth models specified in the Methods and Table S1 . b Median D Taj , π (per 100 sites), θ (per 100 sites) for X and Y--linked loci and Δπ. under hypothetical bottleneck or exponential growth models specified in the Methods and Table S1 . b Median D Taj , π (per 100 sites), θ (per 100 sites) for X and Y--linked loci and Δπ. under hypothetical bottleneck models including varying amounts of admixture between African and European populations at time t a (in 4Ne generations-time was scaled appropriately for the X and Y chromosomes in simulations). In the AF--EU admixture models, the European ancestor was admixed with African alleles and admixture was immediately followed by the American bottleneck. In the AF--PA admixture models, the Pennsylvania population admixed with African alleles after the American bottleneck. b p Af reflects the degree of admixture (the proportion of African alleles in the admixed population) c Two--sided P--values for D Taj and Δπ were calculated using the ecdf function in R. No P--values fall below an FDR <5%. The AF--EU models were used to obtain P--values for the Tasmanian population. The AF--EU and AF--PA P Af =0 models in bold print indicate the equivalent to model PA--B1 in Table 4 . The model chosen for use in subsequent simulations is in bold print. 
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